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Due to its two dimensional nature, ferromagnetism and charge doping can be induced by proximity
and electric field effects in graphene. Taking advantage of these features, we propose an electrically
engineered spin valve by combining two magnetic insulators (using EuO, EuS, or YIG) and three
coating gates. Two top gates are used to cancel the heavy electron doping’s in these magnets and
one back gate is used to utilize the normal or half-metallic ferromagnetisms. We demonstrate that,
when the second top gate is tuned to utilize the insulating or spin insulating states, huge giant
magnetoresistance (GMR) at high temperature (several times of 105% at 68K and 100K) can be
achieved for EuO and YIG. These results imply a distinguished GMR that is magnetism tunable,
vertical configured (ferromagnetism versus insulating), and magnetic field-free. Our work may offer
a viable path to a tantalizing magnetic field-free spintronics.
Graphene, although a diamagnetic material, is highly
promising for spintronics. This is because it supports
not only long diffusion lengths and long spin lifetimes at
room temperature, but also magnetic moments induced
by various methods [1]. Introduction of vacancy defects,
doping with molecules or elements with high spin-orbital
coupling, and tailoring as zig-zag edged nanoribbons can
induce ferromagnetism in graphene [1, 2].
Among the proposed methods, graphene coupling with
nearby magnetic insulators are the most intriguing way
[2]. Theoretically, EuO, EuS, and yttrium iron gar-
net Y3Fe5O12 (YIG) have been predicted to induce fer-
romagnetism with heavy electron doping in graphene
through proximity effect [3–5]. Nontrivial effects, such
as simultaneous spin filter and spin valve effect [6], pure
crossed Andreev reflection [7], and quantum anomalous
Hall effect [8] have been proposed in graphene-EuO het-
erostructures. Experimentally, EuO has been integrated
on graphene, in which ferromagnetism with 67K Curie
temperature and heavy electron doping was confirmed
[9, 10]. On the other hand, anomalous Hall effect [11],
spin-current convention [12], spin transport [13], and chi-
ral charge pumping [14] have been demonstrated as a
probe of the ferromagnetism in a graphene/YIG het-
erostructure. Similarly, Zeeman spin Hall effect [15] was
exhibited for that in a graphene/EuS heterostructure.
These works reveal graphene on EuO, EuS, or YIG as
emergency 2D ferromagnets.
In this work, we explore giant magnetoresistance
(GMR) applications of these ferromagnets. We propose
a spin valve based on two magnetic insulators and three
coating gates. Of them, two top gates are used to cancel
the electron doping through the strong electric field effect
[16, 17], and one back gate is used to utilize a normal or
half-metallic ferromagnetism. We show that, when the
second top gate is changed to make use of the insulating
or spin insulating states, huge GMR at high tempera-
ture (∼ 105% at 68 and 100K) can be achieved for EuO
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FIG. 1. GMR mechanisms for conventional and graphene spin
valves. In conventional spin valves (the left side), GMR can
stem from normal [18] or half-metallic [19] ferromagnetism.
An anti-parallel (AP) configuration is responsible for the high
resistance states and can be switched from the parallel (P)
configuration by a magnetic field. In graphene spin valves
(the right side), GMR can be supported by both normal and
half-metallic ferromagnetisms. A vertical (V) configuration is
responsible for the high resistance state, and can be switched
from the P configuration by an electric field. The two mag-
netisms are also switched by a back gate.
and YIG. These results imply a magnetic field-free (elec-
trically engineered), vertical configured, and magnetism
tunable GMR, which distinguishes remarkably from the
conventional one (see Fig. 1). The proposed GMR of-
fers not only a viable path to the tantalizing magnetic
field-free spintronics, but also an evidence for the ferro-
magnetism. GMR based on graphene has been widely
studied before [3, 12, 20–34]; however, the value is usu-
ally small and a magnetic field is indispensable.
Figure 2 shows the proximity- and gate-induced spin
valve. Two EuO(111), EuS(111), or YIG(111) substrates
of lengths l1 and l2 and a distance d are grown on top of
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FIG. 2. The proximity- and gate-induced spin valve. (a)
Graphene on top of two magnetic insulators contacting with
two top gates. (b) The spin valve formed by the above struc-
ture on a substrate contacting with a back gate.
two ‘top’ gates (V1 and V2). On the substrates an L×W
[35] graphene film is deposited [9, 11, 15]. The whole
structure is then turned over and transferred to a sub-
strate contacting with a back gate (V ). The graphene is
further contacted with source and drain electrodes (U).
As shown by first principle calculations [5], all the fer-
romagnets are heavily electron doped, which limits the
spintronic application by a low polarization (about 24%
for EuO [4]). Hole doping by magnetic insulator such
as CFO was suggested to overcome this shortcoming [5].
Here we propose a different way, i.e., by applying top
gates. Through the strong electric field effect [16, 17],
the Dirac points of the ferromagnets can be tuned to co-
incide with the pristine graphene’s.
The Eu-4f (Fe-3d) states in the EuO and EuS (YIG)
substrates are polarized. They overlap with the C-pz
state in graphene and induce the ferromagnetism [4, 5].
The predicted energy dispersions of graphene on a six-
bilayer EuO, EuS, and six-trilayer YIG substrates at
the optimized distances [4] are plotted in Fig. 3(a)-(c).
Parabolic and spin resolved dispersions are clearly seen,
from which normal and half-metallic ferromagnetisms for
electron and hole (see lines labeled by ne,h and he), and
insulating and spin insulating states (i and is) can be de-
fined. For EuS the half-metallic ferromagnetism for hole
is absent, while for YIG the insulating window is rather
narrow. We have proposed to cancel the heavy electron
dopings by top gates; here we propose to make use of
the ferromagnetisms by the back gate. In the left mag-
net, both normal and half-metallic ferromagnetisms can
be utilized by lifting the Fermi energy into corresponding
windows. (Note this is rather hard for the conventional
case.) We further propose that, by a top gate difference
(∆V = V2 − V1), the electron ferromagnetisms in the
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FIG. 3. Energy dispersions around the Dirac points for (a)
Gr/EuO, (b) Gr/EuS, and (c) Gr/YIG; blue solid for spin
up and red dashed for spin down. In (a) the Dirac gap (EG)
and exchange splittings (δe,h) are labeled, and in (c) the spin
Dirac gaps (Dup,dn) are labeled for comparison. The electron
and hole normal ferromagnetisms (lines ne,h), electron half-
metallic ferromagnetism (lines he), insulating (lines i), and
spin insulating (lines is) are labeled.
right magnet can be switched to opposite (hole) ones,
and even insulating and spin insulating states. These
form the basis for the distinguished GMR.
Heavy electron doping’s (ED), band gaps opening at
the Dirac points (EG), and exchange splittings (δe and
δh) as labeled in Fig. 3(a) are observed as the ferro-
magnetisms. Accordingly, dispersions around the Dirac
points were described by effective Hamiltonians in a
sublattice-spin direct produce space [5, 8, 36]. Note,
in this space wave function should be solved as a four-
components one even for a single valley [37]. The fer-
romagnetisms can also be defined by spin up and spin
down (s = ±1) Dirac cone dopings (Ds), Dirac gaps
(∆s), and Fermi velocities (vs) as labeled in Fig. 3(c).
These parameters relate with the above ones by D↑,↓ =
ED ± δe,h/2 and ∆↑,↓ = |δe,h| + EG; v↑↓ can be fitted
from the original data (see Table I for parameters). In
this view, the three magnets can be described by a uni-
form effective Hamiltonian in a simple sublattice space,
Hk,s,ξ = I(EDs + Vt) + σzξ∆s + σ · ~vsk, (1)
where k = (kx, ky) is the momentum operator, σ =
(σx, σy) is the pseudospin Pauli matrices, Vi(i = 1, 2)
is the top gate voltages, I is the identify matrix, and
ξ = ±1 for valley K and K ′. For pristine and contacted
graphene Hk,ξ = IU + σ · ~vFk.
For brevity, we express all quantities in dimension-
less form by means of a characteristic energy E0 = 10
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FIG. 4. MR contributed by normal (a-c) and half-metallic (d-f) ferromagnetisms as a function of voltage difference for EuO,
EuS, and YIG. V1 = ED and EF (V ) is listed in Table II. The P, AP, and V configurations are labeled, which are also shown
in Fig. 3. In (a-c), according to R−1 = R−1↑ + R
−1
↓ , the maximal MR happens between the spin Dirac points with a value
determined by the smaller spin resistance.
meV and corresponding length unit l0 = ~vF /E0 =
56.55 nm. The right- and left-going envelope func-
tions (Φj) in the contacted, ferromagnetic, and pris-
tine graphene (j = c,m, p) can be exactly resolved by
decoupling HjΦj = EjΦj . The result reads Φ±j =
[e±ikjx, e±ikjx(±kj + iqj)/Ej ]T eiqjy/
√
2, where Ep(c) =
E(−U), Em = (E − Ds − V + ∆s)/vs, qp,c,m =
Ee sinα, kp,c = sign(Ep,c)
√
E2p,c − q2p,c, and km =
sign(Em)
√
EmE′m − q2m with E′m = (E−Ds−V−∆s)/vs.
From the continuity of envelope functions at the bound-
aries, transfer matrix M can be constructed [38, 39] and
spin-resolved transmission coefficients can be obtained
as ts = M [[2, 2]]
−1 [40]. For T <100K, the e-e and e-
ph inelastic scatterings can be ignored [41, 42] and the
ballistic spin-resolved conductance can be given by the
Landauer-Bu¨ttiker formula [43]
Gs(T ) = G0
∫
dE
−df
dE
∫ |EF |
−|EF |
|ts|2(E, q) dq
2pi/W
, (2)
where f(E, T ) = [1 + e(E−EF )/T ]−1 is the Fermi-Dirac
distribution function, and G0 = 2e
2/h is the quan-
tum conductance (2 accounts for the valley degener-
acy). The zero-temperature conductance can be rewrit-
ten as Gs(0) = MG0
∫ pi/2
−pi/2 Ts(EF , α) cosαdα, where
M = (|EF |/E0)(W/2pil0) ≡ MEMW is half of the num-
ber of the transverse modes. The magnetoresistance
(MR) is given by R = (G↑+G↓)
−1 (in unit of R0 = G
−1
0 ),
and the GMR is defined by the ratio between the V and
P configurations through (RV −RP )/RP × 100%.
TABLE I. The spin Dirac doping’s, Dirac gaps (both in unit
of E0=10meV), Fermi velocities (in unit of vF ), and Curie
temperatures [5] for dispersions in Fig. 3.
magnets ED↑ ∆↑ v↑ ED↓ ∆↓ v↓ Tc
Gr/EuO -132.8 13.4 1.337 -139.4 9.8 1.628 69K
Gr/EuS -128.85 18.3 1.40 -130.5 15 1.60 16.5K
Gr/YIG -80.6 11.6 0.63 -83.75 5.3 0.70 550K
We first consider GMR utilizing the normal ferromag-
netism. The MR and its spin components (R↑,↓ = G
−1
↑,↓)
as a function of the top gate difference are plotted in
Fig. 4(a)-(c). As can be seen, the MR is rather low
(∼ R0/M) when a same top gate (∆V = 0) is applied
on the right magnet (see the arrow labeled by P). This
is the P configuration, for which both spins transport
through the spin valve quasi-ballistically. When a gate
difference is applied, the MR first increases and then de-
creases. Surprisingly, the maximal MR dose not happens
at the AP configuration as the conventional case (see the
arrow labeled by AP). Instead, it arises when the insulat-
ing state in the second magnet aligns to the Fermi energy
(see the arrow labeled by V). This configuration falls in
between the P and AP ones and can be defined as a ver-
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FIG. 5. MR for the P and V configurations and GMR as a function of (a) temperature, (c) magnet length, and (d) electrode
doping for EuO, EuS, and YIG. (b) Zero temperature MRs as a function of energy for the three magnets and two configurations.
tical configuration. In the right magnets both spins are
blocked for the V configuration, while transport quasi-
ballistically again for the AP configuration. Comparing
the MRs at these two configurations, we obtain a rather
huge GMR with typical value of 104% ∼ 105% (see Ta-
ble II for details). It is also seen that, the MR profile for
YIG is rather sharp due to the rather narrow insulating
window.
We then consider GMR utilizing the half-metallic fer-
romagnetism, for which only one spin contributes the
MR. The MR−∆V profiles are plotted in Fig. 4 (d)-(g).
It is not surprised that, rather low MR for the P configu-
ration and rather high MR for the V configuration are ob-
served again. Comparing them, a rather huge GMR with
typical value of 104% ∼ 105% are obtained (see table II).
Interestingly, the high resistance for YIG shows rich res-
onant peaks. This is due to a much smaller Dirac gap for
spin down, which supports much smaller resistance even
for a blocked-blocked transport. It seems that, an AP
configuration is responsible for the EuO and YIG cases.
However, since spin up or spin down is always blocked,
only the blocking of the initially transparent spin (spin
down or up) is important. This is confirmed by the EuS
case, where GMR happens in absence of opposite (hole)
half-metallic ferromagnetism.
In conventional spin valves made of no matter normal
[18] or half-metallic [19] ferromagnets, P and AP config-
urations are respectively responsible for the low and high
MRs; they are switched by a magnetic field (see the left
column in Fig. 1). The mechanism for the proximity-
and gate-induced graphene spin valve is totally different.
The V configuration is responsible for the high resistance
states and it is switched from the P configuration by an
electric field. Moreover, normal and half-metallic ferro-
magnetisms can also be switched by the back gate, which
is usually forbidden for the conventional cases (see the
right column in Fig. 1)
TABLE II. GMR and low and high MRs, corresponding fer-
romagnetisms and voltage difference summarized from Fig.
4.
GMR RAP /RP ferromagnetisms (EF ) ∆VV
3.8× 104% 228.4/0.603 EuO normal (15) 16
7.9× 105% 5935/0.748 EuS normal (14) 15.9
2.6× 104% 108/0.411 YIG normal (12) 8.9
2.9× 104% 278.5/0.971 EuO half-metallic (7) 10.45
1.4× 105% 3017/2.18 EuS half-metallic (9) 8.95
1.1× 105% 968/0.845 YIG half-metallic (6) 7.75
5Application at high temperature is crucial. Fig. 5(a)
shows RP , RV , and GMR as a function of temperature.
The temperature range is limited to min(100K,Tc), for
which the ferromagnetisms hold and the inelastic scatter-
ing can be ignored. It is seen that, for all ferromagnets
RP increase slightly as the temperature, while RV shows
a complicated dependence. It decreases with tempera-
ture for EuO and YIG and increases for EuS. Accord-
ingly, the GMR for EuS/EuO/YIG follows an increas-
ing/decreasing/decreasing behavior, with a value of 1.5×
105%/1.8×104%/9.8×103% observed at 16K/68K/100K.
For YIG the Curie temperature is higher than room tem-
perature. A large GMR of 1470% is evaluated at 300K by
ignoring the inelastic scattering [44]. These values imply
promising high temperature or even room temperature
GMR for EuO and YIG.
Due to Eq. (2), spin current at a finite temperature T
is determined by the zero-temperature ones in an energy
range ∼ (EF − 5T,EF + 5T ). In Fig. 5(b), we plot the
latter for the three magnets and two configurations. It
can be seen that, the P (V ) conductance for all magnets
(EuS) reaches almost the maximum around the Fermi en-
ergy. As a result, the higher the temperature, the smaller
(bigger) the finite temperature spin current (MR). The
cases become opposite for the V configuration of EuO
and YIG, because the spin current reaches almost the lo-
cal minimum at the Fermi energy. The different energy
bands are responsible for these different temperature de-
pendences.
Fig. 5(c) shows the dependence of RP , RV , and GMR
on the magnet length. It is found that, RP changes
slightly with the magnet length while RV increases ex-
ponentially. When the length increase from 1 to 1.5
(still within the ballistic regime), the GMR increases
to 0.94 × 106%, 1.4 × 107%, 2.3 × 106% for EuO, EuS,
and YIG, respectively. This is as large as the extraor-
dinary magnetoresistance in semiconductor-metal hybrid
systems [45, 46]. For the V configuration, electrons trans-
port evanescently in the second magnet. Due to an imag-
inary wave vector km in the term e
ikmx, this leads a
behavior of |t|2 ∼ e−2l and R ∼ e2l. Due to this be-
havior, the negative temperature dependence (see Fig. 5
(a)) for YIG and EuO can be counteracted, and a huge
room temperature GMR is expectable for YIG. Asym-
metric spin valves with short left and long right magnets
are suggested to enhance the GMR within the ballistic
regime.
In all the above calculations, the effect of electrodes
is ignored. Such an ideal contact can be achieved by
specific metals with special distance to graphene (e.g.,
Au/Cu/Ag at 3.2/3.4/3.7A˚) [47]. Fig. 5(d) shows the
calculated results for several familiar metal electrodes
at their equilibrium distances. For Ag, Cu, Au, and
Pt, U/E0 = −32,−17, 19, 32 respectively [47], which
are rather smaller than the proximity induced doping’s.
It is observed that, no matter for which magnets and
for which configurations, the MR increases as the elec-
trode becomes non ideal; the heavier the contact dop-
ing, the larger the MR increases. This is because the
symmetric pristine-ferromagnetism (insulating)-pristine
structure for the left (right) magnets becomes asymmet-
ric doped-ferromagnetism-pristine or pristine-insulating-
doped ones. However, the GMR can show different be-
haviors. It increases for EuS with positive doping (Au
and Pt) and for YIG with negative doping (Cu and Ag),
while decreases for EuO with any doping and for EuS
(YIG) with negative (positive) doping. These results sug-
gest that, the proposed GMR is rather robust to familiar
metallic contacts, and can be even enhanced for YIG and
EuS with proper contacts.
In summary, we have proposed a distinguished GMR
that is magnetic field-free, vertically configured, and
magnetism-tunable. The proximity effect and electric
field effect in a novel graphene spin valve, both stem-
ming from the 2D nature of graphene, play a central role.
Outstanding performances such as huge values at high
temperature (∼ 105% at 68K and 100K), exponential en-
hancement by magnet length, and robustness to familiar
electrodes have been demonstrated. These results may
offer a viable path to a magnetic field-free spintronics as
well as an evidence for the magnetisms. The uniform
Hamiltonian constructed in the sublattice space can be
applied to investigate spin transport in related nanostruc-
tures. Since the spin Dirac gaps increases as fewer layer
[5], larger GMR is predicted in graphene grown on thin-
ner substrates. We encourage experimental researches on
the proposed GMR and mechanisms.
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